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Abstract
To evaluate local damages of RC columns by the impacts of a high velocity projectile, impact experiments using a gun
method were performed for the 1/10 scale RC columns as test specimens.   Effects of an amount of main bar and spacing 
between hoops were examined.  Also, scaling effects were evaluated by comparing with the 1/5 and 1/20 scale models, to
ensure the effectiveness of the computer simulations.  The crater depth and the residual weight of the specimens after the
impact were correlated with the kinetic energy of the projectile although an amount of the reinforcement was not affected to
the crater depth.  The reinforcement by the hoop was effective to suppress the crack propagation to the back surface, but a 
threshold might exist in the coverage ratio of the hoop.  A scaling effect is not observed for the damage of the RC column.
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society.
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1. Introduction
increasing in all
over the world.  Fragments with high velocity incidentally generated by such incidents or accidents could be serious threats
against people and structures.  For a reliable protection of structures, mechanism of damages in concrete structures has to be
understood [1-8]. Especially, a reinforced concrete (RC) column is one of the most essential members of structures. 
Although there have been several empirical formulations based on the data obtained by impact tests in the past [9], the 
failure mechanism by a hypervelocity impact of a fragment which will result in the localized damage, has not been fully 
clarified yet.
In this paper, we tried to evaluate the local damage of the RC columns by the impacts of a high velocity projectile.  As
test specimens, 1/10 scale RC columns (100 x 100 x 280 mm) were mainly used.  Projectile was sphere made of 304 Steel,
9.54 mm in diameter, as one of the representative forms of a fragment.  (5 and 19 mm spheres were also used for 1/20 and 
1/5 scale models, respectively.)  The projectile was accelerated by a single-stage propellant gun and a two-stage light gas
gun to 0.53 1.76 km/s.  Effects of an amount of main bar and spacing between hoops were examined.  Also, a scaling 
effect was evaluated by comparing with the 1/5 and 1/20 scale models, to ensure the effectiveness of the computer 
simulations.
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2. Impact experiment 
2.1. RC column specimen 
 
     Table 1 shows specifications of the RC column specimens used in the impact experiments, which are mainly 1/10 scale 
RC columns (100 x 100 x 280 mm: expressed as 1/10 specimens hereafter) based on pillars used to building with a stairwell 
on the first floor.  An example of the arrangement of the main bars and the hoops as a standard specimen (standard-series) is 
illustrated in Fig. 1.  To examine a scaling effect, the 1/5 (scale-up-series) and 1/20 (scale-down-series) specimens ware also 
prepared by scaling the dimensions, diameter of the main bar and the hoop, and diameter of the projectiles.  Because of the 
limitation in the specimen chamber, the height of 1/5 specimen was same to those of the 1/10 specimen.   
     For the 1/10 specimen, 4 mm deformed bar (D4) were used as the main bar.  The specimens with different number of the 
main bar were examined (main bar -series).  Also, as the hoop, plain bars with several diameters connected to the main bars 
in square shape, and several specimens with different spacing of the hoops were examined (hoop-series).  Typical strength 
of the concrete and the mortar was 38.5 N/mm2, and 41.7 N/mm2, respectively.  Maximum size of the coarse aggregates was 
5 mm.  For the 1/20 specimen, the mortar (without aggregates) was used instead of the concrete because of small spacing 
between the hoops. 
 
2.2. Projectiles 
 
     Table 1 also shows condition of the impact experiment.  304 Steel sphere of 4.8 to 19 mm in diameter was used as a 
projectile.  304 Steel sphere was glued on the nose of a sabot made of high-density polyethylene and polycarbonate as 
shown in Fig. 2.  The sabot was separated by a sabot-catcher just before the impact.  The projectiles were accelerated by a 
single-stage propellant gun or a two-stage light gas gun in the velocity range of 0.5 to 1.7 km/s.  The velocity of the 
projectile was measured by a laser beam cutting method. 
 
 
Table 1. Specifications of the RC column specimens and impact conditions. 
 
  
RC column specimen Projectile 
Specimen dimension Concrete/mortar Main bar Hoop Flyer (sphere) Sabot Impact 
No. Scale b  (mm) 
D 
(mm) L   (mm) 
  Strength       
(N/mm2) 
Steel 
bar 
Coverage 
ratio  (%) 
Yield 
strength 
(N/mm2) 
Arrangement 
Coverage 
ratio 
 (%) 
Yield 
strength  
(N/mm2) 
Weight 
(g) 
Diameter 
(mm) Materials Materials 
Sabot 
separation 
Diameter 
(mm) 
Velocity   
(m/s) 
Kineti
c 
energy      
N
m  
No.1 
1/10 100 100 280 
40  
(concrete) 
4-D4 0.56 
295 
D1@10 0.15 
295 
3.516 9.54 304Steel 
HDPE+ 
poly-
carbonate 
Yes 
20 
533 499 
No.2 682 818 
No.3 855 1285 
No.4 1105 2147 
No.5 1765 5477 
No.6 6-D4 0.84 826 1199 
No.7 8-D4 1.12 901 1427 
No.8 10-D4 1.40 873 1340 
No.9 
4-D4 0.56 
D1@6 0.26 
935 1537 
No.10 1.413 10 2024Al 1389 1363 
No.11 D1.9@10 0.57 
3.516 9.54 
304Steel 
840 1240 
No.12 D1@20 0.08 901 1427 
No.13 D1@30 0.05 847 1261 
No.14 
1/5 200 200 280 4-D8 0.49 785 D1.9@20 0.14 28.13 (+5.07) 19 HDPE No 
494 3432 
No.15 772 8383 
No.16 1156 18796 
No.17 
1/20 50 50 140 40                (mortar) 4-D1.9 0.45 295 D0.5@5 0.15 0.44 4.77 
HDPE+ 
poly-
carbonate 
Yes 
512 58 
No.18 752 124 
No.19 1031 234 
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2.3. Evaluation of the damages 
 
     To evaluate fracture behaviour, the crater profiles on the impact plane of the specimens were measured using a 
displacement gauge combined with a digital calliper.  Also, the maximum width of the crack on the back surface was 
measured for evaluating the crack propagation using an optical microscope.  For the estimation of total damage of the 
specimen, the mass of the specimen was compared before and after the impact.  The damage inside the specimen was 
evaluated by the ultrasonic transmitting method. 
 
3. Fracture of the RC column 
3.1. Appearance of the damage 
 
     As an example, Fig. 3 shows the photographs of the impacted specimens at various velocities (No.2: 0.68 km/s; No. 3: 
1.11 km/s; No. 5: 1.77 km/s) for the standard-series.  Fig. 4 shows the corresponding sketches of the damage of the 
specimens from the front, back, right, and left side surfaces.  The cracks are demonstrated by thick curves, and grey area 
represents the portion of the concrete spalling.  Apparent cratering damage has been observed in No.2 and No. 4 specimens.   
The diameter of the crater on the front surface is almost same diameter of the projectile (~10 mm).  Several radial cracks are 
formed from the centre of the crater, and the cover concrete is spalling from the front surface.  Also, parts of the cracks are 
growing to the back surface.  The hoops near the impact point are fractured for every series.  In the case of the main bar is 
placed just behind the impact point, the main bar is fractured.  In case of No. 5 specimen, the projectile penetrates the 
specimen, and all concrete, including the core concrete, are spalling, resulting that only main bars are remained.  From these 
observations, the magnitude of the cratering and spalling tends to increase with increasing impact velocity. 
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Fig. 1. Arrangement of the main bar reinforcements and 
hoops for a standard specimen. 
Fig. 2. Projectile (304 Steel sphere; 10 mm in diameter) is 
glued on a sabot.  
Fig. 3. Photographs of the impacted specimens at various 
velocities (No.2: 0.68 km/s; No. 3: 1.11 km/s; No. 5: 1.77 km/s) 
for the standard series. 
Fig. 4. Sketches of the damage of the specimens from front, 
back, right, and left side surfaces. 
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3.2. Depth of the crater 
 
     Fig. 5 shows the depth profiles of the craters along the axial direction for the standard-series (No. 1  No. 4).  As the 
impact velocity increases, the depth of the crater increases.  Especially, the width of the crater of No.4 specimen becomes 
wide.   The hoops of No. 4 specimen are widely fractured at the impact surface, suggesting that the restraint of the core 
concrete is weakened.  Fig. 6 shows the depth profiles of the craters for the main bar-series (No. 3, No. 6  No.8).  The 
displacement of the crater from the centre in No. 7 specimen is due to the misalignment of the specimen setting.  The 
amount of the main bar seems not to affect the depth of the crater.  Also, the amount of the hoops (hoop-series: No.3, No. 9 
 No. 12) seems not to affect the depth of the crater, as shown in Fig. 7.  Small difference in the depth seems to be 
influenced by the impact point where main bar or hoop is located just behind or not. 
     To evaluate a scaling effect, the ratio of the crater depth against the thickness of the column for the standard- (1/10), the 
scale-up- (1/5), and the scale-down- (1/20) series are plotted against the kinetic energy of the projectile as shown in Fig.8.  
The kinetic energies of the scale-up- and scale-down-series are multiplied by 1/8 and 8, respectively, to match the scaling.  
Good correlation can be seen between the ratio of the depth and the kinetic energy, revealing that an apparent scaling effect 
has not been observed, at least, in the scale range of this study. 
3.3. Residual weight of the specimens 
     Fig. 9 shows the residual weight of the specimen after the impact experiment as a function of the kinetic energy.  The 
specimens with different kinds of the reinforcements (the main bar-series, the hoop-series, and the standard-series) show 
almost same trend in which the residual weight decrease with increasing the kinetic energy.  Same trend can be seen in the 
scale-up- and the scale-down-series, also indicating a scaling effect is not significant.   
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Fig. 5. Depth profiles of the crater for the standard-
Fig. 6. Depth profiles of the crater for the main bar-
Fig. 7. Depth profiles of the crater for the hoop-series. 
Values in the legend represent the coverage ratio of the hoops. Fig. 8. Ratio of the crater depth against the thickness of the 
specimen is plotted as a function of the kinetic energy. 
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Fig. 9. Ratio of the residual weight of the specimens after the impact is plotted against the kinetic energy. 
 
 
3.4. Maximum width of the crack at the back surface 
 
     Fig. 10 shows the maximum width of the crack occurred at the central area of the back surface as a function of the 
kinetic energy.  In the standard-, scale-up-, and scale-down-series, the widths of the crack are narrow in the range less than 
-series as a function of the coverage ratio 
of the hoop.  In the range less than 0.1 % of the coverage ratio of the hoop, the width of the crack suddenly becomes wide.  
On the other hand, no apparent difference in the width of the back crack has been seen in the main bar-series.  These results 
suggest that the hoop reinforcement is effective for the damage by the impact, probably because of the restraint of the core 
concrete. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Maximum width of the crack at the back surface is 
plotted against the kinetic energy. 
Fig. 11. Maximum width of the crack at the back surface 
is plotted against the coverage ratio of the hoops. 
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3.5. Inside damage by the ultrasonic transmission method 
 
     To evaluate the damage inside the specimen by a non-destructive inspection, the ultrasonic transmitting measurement has 
been performed.  In Fig. 12, schematic illustrations of the ultrasonic transmitting method are shown.  An ultrasonic wave is 
transmitted by an oscillator from the one surface of the column, and the transmitted ultrasonic inside the column is 
received by a receiver at the opposite side of the surface of the column.  If there is something disturbing the ultrasonic in the 
concrete (i.e. cracks, void due to the crater), the amplitude of the ultrasonic received is weakened.  The measurement was 
performed along the mesh of 1 - 5 and A  J in Fig.12, perpendicular to the impact direction.  The oscillator and the receiver 
are 20 mm in diameter, and 30 kHz ultrasonic has been used.  The measurements were performed for No.2, No.3, No.8, No. 
10, No. 11, No. 15, and No. 18 specimens.   
     Large and widespread attenuation of the ultrasonic were observed for all impacted specimens.  The result of No.2 
specimen might be a good example to demonstrate the characteristic of the inner damage because this specimen was 
suffered relatively small damages.  Fig. 13 shows the results of the ultrasonic transmitting measurements for No. 2 specimen 
before (top) and after (bottom) the impact experiment.  The percentages indicate the ratio of the amplitude of the received 
ultrasonic to that of the input ultrasonic (100 %).  Before the impact experiment, the amplitude is distributed sparsely in the 
range of 60  100 %.  In contrast, cone shaped region from the impact surface to the back surface with 10 - 20 % amplitude 
has been observed after the impact.  This result suggests that the cracks do not progress radially from the impact point, but 
progress with narrowing their range.  Also, the end sections remain high transmittance, revealing that the progress of the 
cracks might be suppressed by the restraint of the reinforcement.  As shown here, the ultrasonic measurement is very 
effective for the evaluation of the inside damages. 
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Fig. 12. Schematic illustrations of the ultrasonic 
transmitting method. 
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Fig. 13. The results of the ultrasonic transmitting 
measurements for No. 2 specimen before (top) and after 
(bottom) the impact experiment.  The percentages 
indicate the ratio of the amplitude of the received 
ultrasonic to that of the input ultrasonic. 
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4. Summary 
 
     We tried to evaluate the local damage of the RC columns by the hypervelocity impact.  Following results are obtained. 
 The crater depth and the residual weight of the specimens after the impact are correlated with the 
kinetic energy of the projectile although an amount of the reinforcement is not affected to the crater 
depth.   
 The reinforcement by the hoop is effective to suppress the crack propagation to the back surface, but 
a threshold might exist in the coverage ratio of the hoop.   
 At least within this study, a scaling effect is not observed for the damage of the RC column.   
 The ultrasonic transmitting measurement is effective for evaluating the impact damage inside the 
RC column without destruction.   
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